The phenotypic differentiation between oxytocin (OT)-and vasopressin (VP)-secreting magnocellular neurosecretory cells (MNCs) from the supraoptic nucleus is relevant to understanding how several physiological and pharmacological challenges affect their electrical activity. Although the firing patterns of OT and VP neurons, both in vivo and in vitro, may appear different from each other, much is assumed about their characteristics. These assumptions make it practically impossible to obtain a confident phenotypic differentiation based exclusively on the firing patterns. The presence of a sustained outward rectifying potassium current (SOR) and/or an inward rectifying hyperpolarization-activated current (IR), which are presumably present in OT neurons and absent in VP neurons, has been used to distinguish between the two types of MNCs in the past. In this study, we aimed to analyze the accuracy of the phenotypic discrimination of MNCs based on the presence of rectifying currents using comparisons with the molecular phenotype of the cells, as determined by single-cell RT-qPCR and immunohistochemistry. Our results demonstrated that the phenotypes classified according to the electrophysiological protocol in brain slices do not match their molecular counterparts because vasopressinergic and intermediate neurons also exhibit both outward and inward rectifying currents. In addition, we also show that MNCs can change the relative proportion of each cell phenotype when the system is challenged by chronic hypertonicity (70% water restriction for 7 days). We conclude that for in vitro preparations, the combination of mRNA detection and immunohistochemistry seems to be preferable when trying to characterize a single MNC phenotype.
Introduction
Magnocellular neurosecretory cells (MNCs) located in the hypothalamic supraoptic nuclei are responsible for the synthesis and secretion of vasopressin (VP) and oxytocin (OT). Once released by the neurohypophysis to the circulation, these neuropeptides have different effects. Because they can be released independently (Antunes-Rodrigues et al., 2004) , studies have been performed to identify parameters that would allow a quick and reliable phenotypic differentiation between MNCs.
From the 1960s until the end of the 1980s, the classical view of hormone production by the MNCs of the supraoptic nucleus relied on the premise that OT and VP are produced by mutually exclusive types of neurons (Mohr et al., 1988a; Sokol and Valtin, 1967) . Later, it was shown that a third phenotype, which was able to produce both hormones, was also present in the supraoptic nucleus (Kiyama and Emson, 1990; Mezey and Kiss, 1991) . Currently, evidence shows that any MNC can produce the mRNA for both VP and OT, albeit in different quantities. Thus, a given phenotype may be defined based on the predominantly expressed peptide, i.e., vasopressinergic neurons would produce circa two orders of magnitude more vasopressin than oxytocin and vice versa. The third, "intermediate" phenotype, from now on referred to as intermediate cells, would produce both peptides in equivalent amounts (Custer et al., 2007; Glasgow et al., 1999; Xi et al., 1999) .
Distinguishing phenotypes among MNCs becomes relevant in experiments studying the modulatory effects of drugs on electrical activity because different results can be obtained depending on the phenotype of each cell (Hirasawa et al., 2003; Hoyda et al., 2007; Zampronio et al., 2010) . In this regard, it has been suggested that OT and VP neurons can show different electrophysiological properties with a coupling between the firing rate pattern and the release of a given neuropeptide (Poulain and Wakerley, 1982) . From these types of parameters, cells were identified by associating phenotypes to specific action potential firing characteristics: a firing pattern in which action potentials are intercalated with silent periods was considered typical of VP neurons, whereas a pattern showing bursts of high frequency firing would characterize OT neurons (Brimble and Dyball, 1977; Poulain et al., 1977; Yamashita et al., 1983) . However, Moos and Ingram (1995) , Armstrong (1995) and Armstrong et al. (2010) observed that in vivo and in vitro, both VP and OT neurons may fire action potentials at high or low frequency, phasically or in bursts, or they may even be silent. These findings suggest that the action potential firing pattern should not be used as the single criterion to distinguish between OT and VP phenotypes.
Another procedure to electrophysiologically distinguish between these two neuronal types was suggested by Armstrong (1995, 1997) based on their observation that for negative current injections, the current-voltage relationship of VP neurons is linear, while that of OT neurons is not. The authors report that this difference occurs because OT neurons exhibit the so-called sustained outward rectifying potassium current (SOR), which is activated upon the application of negative current steps (Armstrong and Stern, 1998; Stern and Armstrong, 1995) . In addition, experiments using immunolabeled neurons or neurons expressing eGFP have suggested that OT neurons have not only SOR but also a hyperpolarization-activated inward rectifying current (IR); this property could also be used to distinguish them from VP neurons (Hirasawa et al., 2003; Zampronio et al., 2010) . Although these protocols have been used, they clearly disregard the existence of intermediate neurons. Studies using singlecell RT-qPCR demonstrated that all MNCs express both OT and VP mRNA, albeit in different quantities (Glasgow et al., 1999; Xi et al., 1999) .
In this paper, we combined real-time single-cell RT-qPCR, immunofluorescence and patch-clamp recordings of MNCs in slices of the supraoptic nucleus of male rats to determine the reliability of the different methods for detecting a particular type of MNC. In addition, we also used water restriction and salt-loading rat models to investigate changes in the proportion of phenotypically different cells. Our results show that the whole cell voltage clamp electrophysiology protocol is not sensitive enough to discriminate between MNC phenotypes. This inadequacy mainly occurs because vasopressinergic and intermediate neurons can both exhibit non-linear current-voltage relationships, and oxytocin neurons exhibit a linear relationship. Furthermore, we also demonstrated that in rats subjected to a water restriction protocol, the proportion of OT and VP neurons changes, suggesting that MNCs are, in principle, able to synthesize and modulate the quantities of both peptides.
Material and methods

Ethics
The experimental protocols used in the present study were approved by the Ethical Committee for Animal Experimentation of the Ribeirão Preto Medical School, University of São Paulo (023/2012) in accordance with the Guide for Care and Use of Laboratory Animals of the National Institute of Health (USA).
Hypothalamic slices preparation
Hypothalamic brain slices from male Wistar rats (25-30 days old) were prepared as described previously (da Silva et al., 2013) . In short, following decapitation, the brain was rapidly removed from the cranial vault and submerged in cooled (0-4°C), oxygenated (95% O2-5% CO2) artificial cerebro-spinal fluid solution (ACSF) containing (in mM) 121 NaCl, 2.5 KCl, 26 NaHCO3, 25 glucose, 2 sodium lactate, 0.4 sodium ascorbate, 2 CaCl2 and 1 MgCl2 that was saturated with carbogen (pH = 7.4 and osmolality = 310 mosm/kg H2O (Fiske Mark 3 Osmometer, Norwood, USA)). Next, 230 μm thick coronal slices containing the supraoptic nucleus were obtained using a Leica vibratome (model VT 1200 S, Heidelberg, Germany). They were incubated for at least 1 h at 36°C in a modified ACSF containing (in mM) 121 NaCl, 4 KCl, 2 CaCl 2, 1 MgCl2, 26 NaHCO3, 10 glucose and 1.25 NaH2PO4 (constantly gassed with carbogen, pH = 7.4 and osmolality = 295 mosm/kgH2O) for metabolic reestablishment.
Electrophysiology
Magnocellular neurons of the supraoptic nucleus were visualized using infrared differential contrast optics with images captured by a CCD digital camera (SensiCam qe, The Cooke Corporation, Romulus, MI, USA). Anatomical and morphological characteristics were used for their identification (Paxinos and Watson, 2007) . Electrophysiological recordings were made using the voltage clamp mode in the whole cell configuration of the patch clamp technique. Micropipettes were made from borosilicate glass capillaries and had resistance ranging from 4 to 6 MΩ when filled with the following pipette solution (in mM): 140 potassium gluconate, 10 KCl, 0.75 CaCl2, 1 MgCl2, 10 HEPES, 1 EGTA, 2 Na-ATP and 0.25 Na-GTP (pH = 7.3, and osmolality ranging from 285 to 295 mosm/KgH2O). The "Milli Q" water used to prepare pipette solutions was treated overnight with Diethylpyrocarbonate (DEPC) (Sigma Chemical Corporation, St. Louis, MO, USA). Recordings were performed using an Axon 200B patch clamp amplifier (Molecular Devices, Foster City, CA, USA), and signals were low-pass filtered at 2 KHz and digitized at 10 KHz using a Digidata 1440A (Molecular Devices) controlled by Clampex (Molecular Devices). Recordings started 5 min after achieving the whole cell configuration, and the membrane capacitance and series resistance were compensated (40-60%) using the amplifier settings. The liquid junction potential between the pipette and bath solutions was calculated (−15 mV) using Clampex, and the values presented here were corrected accordingly. All data were analyzed using Clampfit (Molecular Devices) and OriginPro 8 (OriginLab Corporation, Northampton, MA, USA).
Electrophysiological phenotypic differentiation protocol
The electrophysiological protocol used to differentiate OT from VP cells was based on that described by others (Armstrong and Stern, 1998; Hirasawa et al., 2003) . Briefly, the discrimination is based on the presence or absence of sustained outward and/or hyperpolarizedactivated rectifying potassium currents. Under voltage clamp, hyperpolarizing voltage pulses from −40 to −130 mV from a holding potential of −40 mV and lasting 250 ms were applied, and steadystate current-voltage (I-V) relationships were constructed. In this context, linear relationships defined VP neurons, and non-linear relationships defined OT neurons.
Molecular identification of phenotypes
Subsequent to the electrophysiological recordings, the cytoplasm of each cell was collected into the recording pipette and transferred to a reaction tube containing reverse transcription master mix in DEPC-treated water (High Capacity cDNA Reverse Transcription Kit, Life Technologies Corporation, Carlsbad, CA, USA). The reverse transcription was performed immediately after the recording in a thermocycler (Master Cycler, Eppendorf, Hamburg, Germany) using the protocol recommended by the reverse transcription kit manufacturer.
cDNA pre-amplification reaction
Because the amount of cDNA obtained from a single-cell is very small, a pre-amplification step was performed using the TaqMan PreAmp Master Mix Kit (Life Technologies Corporation) with the following hydrolysis probes: Rn00564446_g1 (oxytocin) and Rn00566449_m1 (vasopressin). All reagents were from Life Technologies Corporation and were used in accordance with the pre-amplification master mix kit instructions. Afterward, the cDNA samples were quantified (1766 ± 19 ng/μl, n = 74) in a spectrophotometer (Nanodrop 1000, Thermo Scientific, Wilmington, DE, USA) and stored at −20°C until used in the real-time PCR reaction.
Real-time PCR
qPCR was performed in a StepOnePlus thermocycler (Life Technologies Corporation). Reactions were conducted in singleplex and in triplicate for each gene with the same hydrolytic probes described before and using the kit TaqMan Universal PCR Master Mix (Life Technologies Corporation). The quantification cycle (Cq, as defined by Bustin et al., 2009) was automatically calculated by the equipment's software. For each plate, the amplification efficiency (EA) of the reaction for each gene was calculated from calibration curves based on serial dilutions of a pool of cDNA from all samples. EA, in percentage, was calculated using the following equation:
where m is the slope of the line resulting from the calibration curve. In this paper, the average amplification efficiencies for vasopressin and oxytocin were 70 ± 1.2% and 72 ± 0.6%, respectively (n = 13 plates). Because the efficiencies of the probes were lower than 95%, each plate had its own standard curve.
Analysis of the RT-qPCR results.
In this study, the relative expression of the two genes, oxytocin and vasopressin, was determined based on two assumptions: (1) The quantity of material in a given cycle is a function of the initial quantity according to Eq. (2) (Heid et al., 1996) :
where XT,n is the number of target molecules "T" in the each cycle; XT,0 is the initial number of target molecules; EA is the target amplification efficiency, calculated by Eq. (1); and n is the number of cycles.
(2) The amounts of the target genes are equal at the cycle where Cq was calculated, i.e.,
where X C VP q , and X C OT q , are the quantities of vasopressin and oxytocin cDNA, respectively, in the quantification cycle (Cq).
From Eqs. (2) and (3) expresses the ratio between the initial amount of vasopressin cDNA and the initial amount of oxytocin cDNA. Therefore, neurons in which this ratio was greater than 1 were considered vasopressinergic neurons, and those in which the ratio was smaller than 1 were considered oxytocinergic neurons. A ratio equal to 1 was considered a characteristic of an intermediate phenotype, in which the VP and OT cDNAs are expressed in similar quantities.
Electrophysiology, RT-qPCR and immunofluorescence in a single neuron
To avoid mistakes related to the expression of cDNA and its correlation with peptide production, we performed a triple characterization in a single neuron using not only electrophysiology and RT-qPCR but also immunohistochemistry. For this purpose, we added an intracellular tracer, biocytin (Life Technologies Corporation), into the patch pipette solution (final concentration = 0.2%) and performed electrophysiology measurements in a new group of neurons (n = 22). Subsequent to the electrophysiological measurements, the cytoplasm of each cell was collected for single-cell RTqPCR following the same steps described previously in Section 2.4. After these procedures, the slice was fixed overnight with 4% paraformaldehyde in phosphate-buffered saline (PBS -0.01 M) and then dehydrated in 30% sucrose. Both steps were conducted at 4°C. After dehydration, the slices were blocked and permeabilized in PBS containing 10% normal horse serum and 0.1% Triton X-100 for 1 h at room temperature. Then, the slices were incubated overnight at 4°C with primary antibodies: guinea pig anti-OT (1:2000, cat. no. T-5021 Peninsula Laboratories, San Carlos, CA, USA) and rabbit anti-VP (1:2000, (Arg 8 )-Vasopressin, cat. no. 4563, Peninsula Laboratories). Subsequently, the slices were washed using 0.01 M PBS and incubated with secondary antibodies: donkey anti-rabbit conjugated to fluorescein isothiocyanate (FITC) for VP and donkey anti-guinea pig conjugated to Cy5 for OT (Jackson Immuno Research Lab, West Grove, PA, USA -both diluted 1:250). At the same time, the biocytinlabeled recorded neurons were revealed by reaction with streptavidin (Alexa Fluor 405 conjugate, Life Technologies Corporation), which was diluted 1:500. The slices were than washed three times in PBS and mounted onto glass slides with Fluoromount (Sigma Chemical Corporation). Fluorescence images were acquired sequentially (interval of 0.3 μm) in a confocal microscope (TCS SP5, Leica), and the images were analyzed using the software ImageJ (W.S. Rasband/National Institute of Heath, Bethesda, MD, USA -http:// rsb.info.nih.gov/ij). For each slice, the biocytin-positive neuron was identified, and z projections were collected sequentially to analyze the colocalization.
Physiological challenges and phenotypes
To estimate the relative proportions of OT and VP MNCs, male rats (25-30 days old) were divided in three distinct groups: euhydrated, water-restricted, and salt-loaded rats (n = 4 per group). In the euhydrated group, the rats had free access to water for 7 days. In the water-restriction model, the rats only had access to 30% of the volume of water ingested by the euhydrate group; the water was offered daily at the beginning of the dark phase of the cycle. In the salt-loaded model, the rats only had access to a 1.8% NaCl solution ad libitum for 7 days instead of water. On the seventh day, the rats were anesthetized (tribromoethanol: 250 mg.kg −1 , i.p.; Sigma Chemical Corporation) and perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde (PFA). Sections (30 μm thick) of the hypothalamic supraoptic nucleus were made using a HM 505 N cryostat (Microm, Waldorf, Germany) and were stored in a cryoprotectant solution (0.1 M PBS: 0.3% ethylene glycol, 0.2% glycerol, v/v) at −20°C until processed. All immunofluorescence experiments were performed at the same time using exactly the same protocol described above, and the images were acquired sequentially (one frame every 0.3 μm) from six medial sections of the supraoptic nucleus per rat under a confocal microscope (TCS SP5, Leica, Heidelberg, Germany). After the image acquisition, VP and OT immunoreactive neurons were blindly counted bilaterally using image stacks produced with the Cell Counter Plugin of Image J. The counts from all slices were averaged, and the results were plotted as the mean ± SEM. The proportion of each phenotype encountered in each experimental condition (euhydrated, water-restricted, and salt-loaded) was compared with that in the euhydrate rats using one-way ANOVA with the Bonferroni post hoc test (Prism 5 -GraphPad Software, Inc., La Jolla, CA, USA). P values less than 0.05 were considered significant.
Results
Electrophysiological characterization of MNCs
We first set out to investigate whether rectifying currents are indeed a good criterion to determine the phenotype of MNCs. We performed electrophysiological measurements followed by singlecell RT-qPCR in 74 neurons from the supraoptic nucleus and correlated the presence/absence of rectifying currents to the ratio of VP mRNA to OT mRNA.
The electrophysiological identity of the neurons was assessed by recording currents in response to −10 mV voltage steps (250 ms), which were applied from −40 to −130 mV from a holding potential of −40 mV every 30 s. This protocol was applied 5, 10 and 15 min after breaking into the cell, and the steady-state currents were measured at the end of the pulse. As suggested in the literature, nonlinear I-V relationships (indicating the presence of SOR and/or IR) were taken as indicative of OT neurons, whereas linear relationships suggested VP cells.
As shown in the Fig. 1A to 1D , four distinct groups of I-V relationships were found: three showed rectifying currents, and one showed a linear relationship. Among the 74 recorded neurons, 9 exhibited SOR, 39 presented IR, 15 exhibited both SOR and IR currents, and 11 showed a linear I-V relationship (Fig. 1E) .
The presence of SOR was observed at voltages more positive than −60 mV, and the presence of IR was found at voltages more hyperpolarized than −70 mV; both currents have been used as criteria to identify OT neurons. Therefore, the 63 neurons that presented inward and/or outward rectification were classified as OT, and the 11 that exhibited a linear response were classified as VP neurons (Fig. 1F) .
For comparison, the electrophysiological protocol was also used to characterize 22 magnocellular neurons from the lateral paraventricular nucleus (PVN). The same four I-V relationships reported for SON were also found in these neurons. Thus, out of 22 neurons, 5 exhibited SOR, 11 showed IR, 3 showed both SOR and IR, and only 3 had a linear response. According to this criteria, 19 neurons were classified as oxytocinergic, and 3 were considered vasopressinergic neurons (Supplementary Fig. S1 ).
RT-qPCR characterization
After the electrophysiological characterization, while still in whole cell mode, the cytoplasm of each recorded cell was aspirated into the patch pipette, and the mRNA was immediately transcribed into cDNA.
Positive control for cDNA pre-amplification
Because the amount of mRNA collected from single cells was very small and needed to be pre-amplified prior to the PCR step, we first designed a control experiment for the pre-amplification step to determine whether this process could somehow distort the proportions of VP and OT cDNA in the samples and therefore affect the phenotypic characterization. For this purpose, we recorded currents from 10 neurons, collected the cytoplasm, and after the transcription phase the cDNA was pre-amplified once and then subjected to the PCR procedures. The product of this first PCR step was them subjected to a second pre-amplification and a subsequent PCR quantification. As shown in the 
PCR phenotype results
From the 74 neurons characterized, 13 had the ratio X X (mean = 1.2 ± 0.1, ranging from 0.7 to 1.7) and were classified as intermediate cells (Fig. 2) .
Comparing the results obtained using the two methods (Fig. 3) , we observe that out of the 11 neurons that were considered vasopressinergic according to the electrophysiology recordings, 7 were also identified as vasopressinergic by RT-qPCR, 1 was characterized as oxytocinergic, and 3 were considered as intermediate. The surprising aspect of these results is that 85% of the neurons were identified as OT by electrophysiology, in clear contrast with the results of RT-qPCR, as shown in Fig. 3 . (mean = 0.8 ± 0.6; from 0.15 to 1.5). In Supplementary Fig. S1 , these results are compared with the results obtained from the electrophysiological protocol. We can see that the correlation with RT-qPCR was also low because out of the 19 neurons identified as oxytocinergic by electrophysiology, only 3 were in agreement with RT-qPCR (Supplementary Fig. S1 ). Thus, approximately 75% of the neurons from the SON and 77% from the lateral PVN that were identified using the electrophysiological protocol did not match the molecular phenotype obtained by RT-qPCR.
Electrophysiology, mRNA and peptide relationships
Because protein levels are highly regulated by cells, the correlation between cDNA levels and protein and/or peptide expression is complex. VP and OT are peptides; to overcome this problem, we Table 1 Positive control of pre amplification.
Sample
Phenotype: 1°Pre-amp Phenotype: 2°Pre-amp The bar graph summarizes the classification of the 74 neurons by RT-qPCR; the neurons were previously recorded using the electrophysiological protocol. Using this method, 17.6% (n = 13) had ratios smaller than 1 and were classified as oxytocinergic neurons; 58.1% (n = 43) showed ratios higher than 1 and were characterized as vasopressinergic neurons. In addition, 24.3% (n = 18) showed ratios of approximately 1; in these neurons, VP and OT cDNA were found in equivalent amounts, and they were considered intermediate neurons. Fig. 3 . Correlation between electrophysiological and molecular phenotypes. The bar graph compares the phenotypes identified by electrophysiology (black bars) and RTqPCR (gray bars). Of the 11 neurons that were considered VP according to electrophysiology, 9% (n = 1) were recognized as OT, 64% (n = 7) were considered VP, and 27% (n = 3) were classified as intermediate by RT-qPCR. In contrast, out of the 63 neurons identified as oxytocinergic by electrophysiology, 57% of the neurons (n = 36) were identified as vasopressinergic, 24% (n = 15) were considered intermediate, and only 19% (n = 12) were classified as oxytocinergic, indicating that the presence of rectifying currents must not be considered a reliable parameter for the phenotypic characterization of MNCs.
performed experiments combining electrophysiology, RT-qPCR and immunofluorescence for VP and OT, all on a single neuron (for detail, see Section 2.5). Out of 22 immunocytochemically identified neurons from five rats, 11 were immunoreactive for vasopressin, and 11 were immunoreactive for oxytocin. The single-cell RT-qPCR of the 11 vasopressinergic neurons indicated that 9 were also vasopressinergic and that the other 2 were intermediates. A similarly strong correlation between RT-qPCR and immunofluorescence was obtained for oxytocinergic neurons, i.e., out of 11 oxytocinergic neurons, 11 were also identified as OT by PCR (Fig. 4) .
Regarding the electrophysiological results for these neurons, we observe that the majority (n = 19) presented inward and/or outward rectification (supposedly OT), and only three neurons had a linear I-V relationship (supposedly VP). However, comparing the electrophysiological data with the two previous methods, we show that these results were positively correlated with the results from immunofluorescence for only 10 neurons (9 OT and 1 VP). Of these, eight showed positive correlation with both immunofluorescence and RT-qPCR, and the other two neurons were characterized as intermediate by RT-qPCR (Table 2, Fig. 4C ). These results support our hypothesis that the presence or absence of rectifying currents is not a good parameter to discriminate MNC phenotypes.
Physiological implications
The importance of properly characterizing the phenotype of MNCs can be readily appreciated in conditions were the hydroelectrolytic balance is challenged. Under these conditions, MNCs that express both OT and VP mRNA could be induced to synthesize one or the other peptide if necessary. To test this hypothesis, we designed experiments using two models in which rats were subjected either to water restriction or to salt overload for 7 days (see Section 2.6). As shown in Fig. 5 , in the water restriction model, we observed a significant increase in the number of immunoreactive vasopressin neurons, as well as a decrease in oxytocinergic immunoreactive neurons compared with that in the rats in the control group (VP = 60.4 ± 3 vs 84.1 ± 5.3 and OT = 61.7 ± 3 vs 48.5 ± 1.6; p < 0.005 and p < 0.05, respectively). However, in the salt-loaded rats, we did not observe a significant difference between the numbers of VP (60.4 ± 3 vs 64.5 ± 4; p > 0.05) and OT (61.7 ± 3 vs 54 ± 3.7; p > 0.05) neurons.
Discussion
In the present study, we analyzed the adequacy of using rectifying currents to accurately distinguish between MNC phenotypes. We compared electrophysiological results with single-cell RT-qPCR and performed a triple characterization with immunohistochemistry for OT and VP. We also analyzed the relative numbers of OT to VP cells using immunohistochemistry in rats subjected to water restriction or salt loading; in these situations, the populations of OT and VP neurons can change relative to those in the control.
MNC differentiation based on rectifying currents
Under certain circumstances, it is essential to know the MNC phenotypes to fully understand the action of specific substances on their excitability because different responses can be obtained for each phenotype (Hoyda et al., 2007; Price et al., 2009; Zampronio et al., 2010) . From an electrophysiological point of view, VP and OT neurons can be distinguished from each other using several procedures. However, most of these procedures are based on the response of neurons to particular peptides or, for example, during the sucking reflex (Armstrong, 1995; Gouzenes et al., 1998; Poulain and Wakerley, 1982) , making the process of phenotypic differentiation somewhat difficult. Another complication in differentiating MNCs based solely on electrophysiology arises from the work of Moos and Ingram (1995) . They demonstrated that during breastfeeding, some neurons displayed both vasopressinergictype phasic activity and oxytocinergic-type burst activity. This finding raises the possibility that both peptides could be produced by the same cell. However, the discovery of rectifying currents, which are supposedly expressed in OT but not VP neurons (Armstrong and Stern, 1998; Stern and Armstrong, 1995; Zampronio et al., 2010) , has been used as a criterion to discriminate between OT and VP neurons.
The idea that oxytocinergic but not vasopressinergic neurons show an outward rectifying current was first proposed by Stern and Armstrong (1995) . In their experiments, the authors found differences in the intrinsic membrane properties of VP and OT neurons of both virgin and lactating female rats. Later, Hirasawa and collaborators described a second type of current that was present only in OT neurons, the inward rectifying current that is activated at membrane potentials more negative than −90 mV (Hirasawa et al., 2003) . Since then, both types of rectifying currents have been used as a criterion of characterize oxytocinergic MNCs. However, our electrophysiological results showed that out of 63 neurons that were characterized as oxytocinergic due to the presence of rectifying currents, 36 were identified as vasopressinergic by RT-qPCR, and surprisingly, 18 neurons showed mRNA expression for both OT and VP in equivalent amounts, characterizing them as intermediate (Fig. 3) . Immunofluorescence experiments confirmed this discrepancy because out of 11 VP-positive neurons, 8 also showed rectifying currents (Fig. 4) . Therefore, our results indicate that the presence or absence of rectification in the I-V relationship cannot be used as a safe criterion for defining MNC phenotypes. Additionally, even when using transgenic rats expressing eGFP, Zampronio et al. (2010) observed that not all neurons that were identified as oxytocinergic due to the absence of eGFP had rectifying currents. This finding reinforces the idea that this type of current is not restricted to OT neurons. Furthermore, neurons that expressed both peptides, as indicated by immunofluorescence, were also not included in the group of neurons analyzed. The divergent results found by us can be attributed to the following: (1) the presence of outward and inward currents in vasopressinergic and intermediate cells and (2) the use of sharp electrodes when obtaining the first description of the outward rectifier current (but not the following ones, see Hirasawa et al., 2003 and Zampronio et al., 2010) and its correlation with oxytocinergic neurons. For those recordings using sharp electrodes, the current injections lasted six times longer than patchclamp experiments (Armstrong and Stern, 1998; Armstrong, 1995, 1997) . In fact, studies comparing results from sharp electrodes and whole cell patch clamp experiments show that due to the larger leakage current observed in the case of sharp electrodes, the intrinsic membrane properties of the neuron can be changed, leading, for example, to a depolarization in the resting membrane potential (Li et al., 2004; Staley et al., 1992 ). In contrast, our results are consistent with a recent study of Li et al. (2007) in which they were unable to reproduce the electrophysiological phenotype findings reported by others. In our experiments, the input resistance (VP = 997 ± 150 MΩ and OT = 1012.3 ± 230 MΩ) and capacitance (OT = 20 ± 4.3 pF; VP = 23 ± 6.8 pF) were not different between VP and OT neurons, in accordance with the findings of Armstrong et al. (1994) .
Electrophysiology, RT-qPCR and immunofluorescence
The measurement of mRNA expression is commonly used in the literature as an estimation of protein/peptide synthesis. However, this correlation is still a controversial matter, and the results described so far have been relatively inconsistent. High and low correlation coefficients between the two parameters have been reported for proteins and have ranged from 0.40 to 0.78 (Guo et al., 2008; Gygi et al., 1999; Maier et al., 2009 ); a high correlation has been reported for peptides (Murray et al., 1999) . To avoid mistakes due to the phenotype characterization by mRNA expression alone, we performed a triple characterization in a single neuron by comparing the electrophysiological results not only with RT-qPCR but also with immunofluorescence (see Section 2.5). As seen in Fig. 4 , our results show a very strong phenotype correlation between immunofluorescence and RT-qPCR. Out of 22 neurons analyzed, 11 were characterized as oxytocinergic by immunofluorescence and also by RT-qPCR. The other 11 were identified as vasopressinergic by immunofluorescence: 9 were also classified as vasopressinergic by RT-qPCR, and 2 were intermediate. In contrast, the electrophysiological results for the same 22 cells did not match the phenotype determined by both immunofluorescence and/or RT-qPCR. According to the electrophysiological protocol, 19 neurons showed rectifying currents related to oxytocinergic cells, and only 3 had a linear I-V relationship that identified them as vasopressinergic neurons. When we compare the results obtained by these three methods, we observe that the electrophysiology classifications matched the immunofluorescence categorization for only 10 neurons, and the electrophysiology classified matched both the immunofluorescence and RT-qPCR classifications for only eight neurons (Table 2 ). This fact is particularly critical when consider- ing situations where the relative proportion of neuronal types changes.
Physiological implications
The number of neurons with an intermediate phenotype found in the RT-qPCR experiments (n = 18) is not surprising because 1-3% of MNCs coexpress both peptides under physiological conditions. Furthermore, when the system is confronted with challenging situations, such as lactation, this percentage may increase to 24%, and both peptides can be found in the same neurosecretory vesicle. Under these conditions, Mezey and Kiss (1991) suggested that OT neurons expressing little or no VP gain the ability to synthesize VP to compensate for the loss of water observed during lactation. Our results are consistent with this hypothesis because the rats subjected to water restriction showed an increase in immunoreactive VP neurons and a decrease in the relative number of OT neurons. This result clearly indicates that neurons have the ability to change their phenotype in response to a particular physiological situation (Fig. 5) . This phenomenon can be explained, at least in part, by two factors: (1) the presence of both OT and VP mRNA in the same cell, which allows neurons to synthesize both or just one of the peptides when necessary (via a post-transcriptional regulation of mRNAs) and/or (2) changes in the modulatory control of the genes involved in the expression of OT and VP. These hypotheses are supported by in situ hybridization and RT-qPCR studies, which confirm the expression of both mRNA in most MNCs with an evident increase in one of them when the system is osmotically stressed (Glasgow et al., 1999; Kawata et al., 1988; Meeker et al., 1991; Xi et al., 1999) . The coexistence of both types of mRNA seems to be a property of magnocellular neurons because magnocellular neurons from the lateral paraventricular nucleus also express both VP and OT mRNA ( Supplementary Fig. S1 ), whereas parvocellular vasopressinergic neurons from the suprachiasmatic nucleus do not express OT mRNA (Glasgow et al., 1999) . The VP and OT genes are found in the same chromosome, are separated only by an intergenic region and are processed in opposite transcriptional directions (Hara et al., 1990; Mohr et al., 1988b) . The molecular phenotypic identity of these neurons is likely regulated by specific genes, and the consensus is that the domain between 288 and 116 bp contains a VP-specific activator and a repressor that inhibits its expression in OT-MNCs, thereby leading to the cell-type specific expression of only one neuropeptide (Ponzio et al., 2012) .
Besides this, several studies have demonstrated that the expression of VP and OT may be influenced by synaptic inputs and osmotic stimuli (Baldino et al., 1988; Gainer, 2012; Meeker et al., 1991; Murphy and Wells, 2003) . In fact VP and OT neurons receive both excitatory (glutamate) and inhibitory (GABA) synaptic inputs (Decavel and Van den Pol, 1990; Meeker et al., 1991) . Interestingly GABA may act as an excitatory neurotransmitter in vasopressinergic cells, which lack the K + /Cl − co-transporter 2 (KCC2), and as inhibitory neurotransmitter in oxytocinergic neurons (Haam et al., 2012) . MNCs are also subjected to an autocrine regulation via the release of OT and VP from dendrites (Chevaleyre et al., 2000; Gouzenes et al., 1998) . The locally released VP is known to increase the firing rate during osmotic stimulation and hemorrhage (Ludwig et al., 1994; Neumann et al., 1994; Ota et al., 1994) , and OT during lactation (Wang et al., 2006) . How these control mechanisms can alter the MNCs phenotype is still a matter of debate.
We did not observe significant changes in the numbers of VP and OT neurons in chronic salt-loaded rats compared with that in the controls. Given that in this model, the natriuretic system is also required to operate, it is easily understood why we did not find changes in the relative proportion of phenotypes in this situation Sjoquist et al., 1995; Verbalis et al., 1991) . In summary, this study is the first to use three different techniques to characterize a single neuron, and the results suggest that in in vitro preparations, the electrophysiological protocol alone does not faithfully describe the phenotypes of MNCs. This finding is particularly critical in situations where the system needs to rearrange itself to maintain homeostasis. The combination of mRNA detection and immunohistochemistry seems to be preferable when trying to characterize a single MNC phenotype.
